The accumulation of hundreds of olfactory receptor~OR! sequences, along with the recent availability of detailed models of other G-protein-coupled receptors, allows us to analyze the OR amino acid variability patterns in a structural context. A Fourier analysis of 197 multiply aligned olfactory receptor sequences showed an a-helical periodicity in the variability profile. This was particularly pronounced in the more variable transmembranal segments 3, 4, and 5. Rhodopsin-based homology modeling demonstrated that the inferred variable helical faces largely point to the interior of the receptor barrel. We propose that a set of 17 hypervariable residues, which point to the barrel interior and are more extracellularly disposed, constitute the odorant complementarity determining regions. While 12 of these residues coincide with established ligand-binding contact postions in other G-protein-coupled receptors, the rest are suggested to form an olfactory-unique aspect of the binding pocket. Highly conserved olfactory receptor-specific sequence motifs, found in the second and third intracellular loops, may comprise the G-protein recognition epitope. The prediction of olfactory receptor functional sites provides concrete suggestions of site-directed mutagenesis experiments for altering ligand and G-protein specificity.
Most receptor and enzyme families have evolved specificity toward particular endogenous ligand counterparts. As a corollary, the binding sites in such proteins display a high degree of conservation in amino acid sequence. In contrast, protein repertoires that have evolved to cope with a diversity of functional ligands display pronounced binding site sequence variability. The most recognized examples of these are the immune repertoires: immunoglobulins, T-cell receptors, and major histocompatibility complex proteins. In these proteins, the detailed structure of the complementarity determining regions~CDRs! is well established by X-ray crystallography, as well as by functional studies~Branden & Tooze, 1991!.
Olfactory receptors~ORs! constitute another large repertoire of proteins geared to recognize diverse ligands. ORs are believed to provide the molecular basis for the recognition of millions of volatile odorous chemicals~Lancet, 1986; Buck & Axel, 1991!. OR proteins are G-protein-coupled receptors~GPCRs!, coded by a multigene superfamily~Buck & Axel, 1991!, estimated to include up to 1,000 genes disposed on clusters on multiple chromosomes Buck & Axel, 1991; Rouquier et al., 1998 !. It was previously hypothesized, based on protein sequence analyses, that the odorant binding sites are related to transmembrane~TM! segments 3, 4, and 5, which show the highest degree of variability~Buck & Axel, 1991!. Yet, detailed information on the identity and spatial disposition of the odorants' contact residues in OR proteins remained unavailable.
Due to the lack of X-ray crystallographic data of GPCRs, their structural modeling~Hibert et al., 1991; Cronet et al., 1993 ! was initially based on the coordinates of bacteriorhodopsin~Henderson et al., 1990!, a non-GPCR seven transmembrane helix protein. These studies, combined with results from site-directed mutagenesis experiments, showed that the ligand-binding sites in the GPCRs reside in the extracellular portion of the helical barrel interior. A bacteriorhodopsin-based model was generated for the rat OR protein OR5, affording a prediction of nine potential ligand-binding residues in TMs 2-7 for the odorant lyral in a docking simulatioñ Singer & Shepherd, 1994 !. While the structure of bacteriorhodopsin has the advantage of atomic resolution, it is a less favorable template for GPCRs, as it bears practically no sequence similarity to these proteins, and its two-dimensional map deviates considerably from that of rhodopsin, the light-sensitive GPCR~Scherlter et al., 1993!. More recently, other GPCR models were generated~Baldwin, 1994; Donnelly et al., 1994; Herzyk & Hubbard, 1995; Baldwin et al., 1997 !, based on a two-dimensional low-resolution map of the rhodopsin molecule~Scherlter et al., 1993!. An OR model was generated based on such a rhodopsin two-dimensional map, with helical orientations optimized to bury in the protein conserved and0or polar amino acids~Afshar et al., 1998!. The progress in modeling and functional studies in GPCRs, combined with the recent rapid increase in the number of available OR sequences Barth et al., 1996; Glusman et al., 1996; Sullivan et al., 1996; Vanderhaeghen et al., 1997!, made possible the integration of a comprehensive analysis of the OR sequence variability pattern, along with the prediction of its structural context. We propose here putative OR CDRs, consisting of a set of 17 highly variable residues positioned strategically along one helical face on each of the three variable TM segments 3, 4, and 5.
Results
We generated a global multiple alignment of the deduced amino acid sequences of 197 OR genes, from five species, and a consensus sequence for most of the currently known ORs was identified. We subjected the entire set of ORs to alignment against several other GPCRs~Fig. 1!. In all seven TM segments, except for TM6, the alignment between the ORs and other GPCRs was straightforward, due to the presence of highly conserved positions common to the entire GPCR superfamily~marked "G" in Fig. 1 !. The alignment in these TMs is consistent with the GPCR canonical alignment~Oliveira et al., 1993!. Since TM6 in ORs lacks the strong WXP~where x is any amino acid! motif shared by many other GPCRs, we aligned this TM based on a considerably weaker motif, @F0Y#X 7 @F0Y#, found to be shared by ORs and other GPCRs, such as the adrenergic, dopaminergic, serotonergic, histaminergic, and opioid receptors.
Sequence variability profile and helical periodicity
We computed an amino acid variability profile for the entire alignment of 197 OR sequences~Fig. 2A!. Within the TM segments, we observed strong peaks of variability in TM4 and TM5, with smaller peaks also in TM3 and TM6. While there are generally troughs in the variability profile of intracellular loops, in two of the extracellular loops, EC1 and EC3, we saw considerable variabilitỹ Fig. 2A !. These results quantitatively confirm and extend the previously observed general variability patterns in the OR molecules~Buck & Axel, 1991!.
An important question is whether some or all the variable OR residues may line the putative ligand-binding interface. Such interfaces are known to be located in the barrel interior in other GPCRs~Baldwin, 1994; Herzyk & Hubbard, 1995!. A structurally relevant clue was obtained through Fourier analysis of the variability profile in the entire OR molecule. From the calculated spectrum~Fig. 3!, we can see that the highest peak occurred at a period of 988, corresponding to 3.67 residues per helical turn, with an a-helical periodicity AP index of 1.94, very near the statistical significance level~Donnelly et al., 1993!. This implies an a-helical periodicity in the variability pattern of the entire OR sequence.
To obtain positional information on this periodicity pattern, we calculated the variability AP value in overlapping running windows of 23 amino acids, centered around each position along the entire sequence~Fig. 2B!. The results indicated that TM segments 1, 3, 4, 5, and, to a smaller extent, TM segment 7, are characterized by large a-helical variability moments, with significant AP Ͼ 2 values. Thus, in the three most diversified TM segments 3, 4, and 5, variable positions are inferred to be mainly concentrated along one face of the helix.
The orientation of the variable residues
We then turned to ask what is the relative orientation of the variable helical faces within a three-dimensional framework. For this, we generated homology models for several ORs based on two rhodopsin templates~Herzyk & Hubbard, 1995; Baldwin et al., 1997!. After computing the variability moments from the variability profile of each of the seven TM segments, we superimposed this information on the independently predicted structure~Fig. 4!. Significantly, we observed that the variability moments of the highly variable TM segments 3, 4, and 5 were largely oriented toward the interior of the receptor barrel, where ligands potentially bind. These predicted orientations were found for both rhodopsin templates~Fig. 4!.
The hydrophobicity moments~Eisenberg, 1984! were also computed for each of the helices~Fig. 4!. While their AP values were not statistically significant~Donnelly et al., 1993!, the cumulative tendency of the hydrophobcity moments was to point toward the lipid bilayer, in additional support for the proposed helical orientations.
The putative odorant CDRs
We turned to localize individual variable residues in the framework of the OR model. We observed that out of 36 hypervariable residues~whose variability value is more than one standard deviation above the average variability in the TM segments!, in the entire OR protein, 26 are in the three variable helices, most of which~20 residues! are on the predicted inner surface of the receptor barrel Fig. 4 !. Of these 20 amino acid positions, a pronounced majoritỹ 17 residues! are located in the extracellular two-thirds of the TM segments, where ligands are know to be bound in other GPCRs. The higher abundance of variable residues on the extracellular portion of the OR TM segments is shown in Figure 2A , whereby several variability peaks display an asymmetry within the TM segments. We propose therefore that the subset of 17 positions constitute the olfactory CDRs~Table 1!.
Ligand-contact residues are known for many other GPCRs~Hi-bert et al., 1991; Baldwin, 1994; Herzyk & Hubbard, 1995 !. We examined whether our proposed CDR positions are aligned with these functional residues. Based on the alignment of the rhodopsinlike GPCRs to the ORs~Fig. 1!, we found that 12 out of the 17 residues of the CDRs, mostly in TM segments 3 and 5, are indeed aligned with identified contact residues in other GPCRs~Fig. 4; Table 1 !. This overlap lends considerable credibility to our identification of the potential CDR residues of OR proteins. There is, however, a subset of OR variable residues that do not have a clear correspondence to functional positions in other GPCRs. These are mainly concentrated on TM4, lining the cleft between this TM and TM5~Fig. 4!.
Chemical statistics of the variable odorant binding site
The amino acid composition of the potential CDRs, analyzed in all 197 ORs, is depicted in Figure 5A . The distribution is clearly biased toward uncharged amino acids, mostly aliphatic and aromatic, with some weaker preference also seen for polar amino acids, but with a clear paucity of charged amino acids. This distribution may reflect the chemical nature of functional odorants, which usually are mostly hydrophobic compounds with a few polar The row marked "OR Cons" is the consensus of all 197 OR sequences analyzed in this study, calculated by 65% plurality. The OR sequences shown are: 17-2~human, P30953!, ICTORDD~fish, L09217!, CFDTMT~dog, P30955!, F3~rat, P23265!, and 17-4~human, P34982!. The other GPCR sequences are dopamine D2DR D~2! receptor~human, P14416!, serotonin 5H2C receptor human, P28335!, b2 adrenergic receptor~human, P07550!, muscarinic M1 receptor~pig, P04761!, and rhodopsin~bovine, P02699!. The N-and C-termini of all sequences are partially truncated, and the central portion of the long third intracellular loop~between the third and fourth rows! is removed for the dopamine, serotonin, and adrenergic and muscarinic receptors. The boundaries of the seven TM segments and the intracellular and extracellular loops are shown above the sequences. The following positions are marked above the sequences: V, the OR CDR residues~as defined in Fig. 4 and Table 1!; G, conserved positions among all GPCRs~Oliveira et al., 1993!, which are also highly conserved in ORs; O O, the only two GPCR-conserved positions~in TM segment 6! that do not appear in ORs; O, highly conserved positions unique to ORs~90% plurality!. A total alignment position numbering is depicted below the sequence; in addition a TM numbering is given for individual helices. uncharged functional groups. In contrast, MHC class I molecules, another diverse protein repertoire, revealed a more balanced distribution of the amino acids in the peptide-binding cleft, with no clear bias toward residues with particular properties~Fig. 5B!.
The putative G-protein interface
Signal transduction in OR proteins is assumed to occur by the propagation of structural changes from the odorant CDRs to regions in which sequence motifs are shared among most or all OR proteins. The TM helices contain certain OR-specific residues that are highly conserved and unique to the OR superfamily~marked "O" in Fig. 1 ! that could be functionally important. In addition, the variability profile~Fig. 2A! indicates that three of the most highly conserved regions in the OR sequences actually correspond to the intracellular~IC! loops, IC1, IC2, and IC3. All three loops show strong consensus sequences: For IC1~the "ORIC1" motif !, DX 2 LHT; for IC2~the "ORIC2" motif !, DR@Y0F#VAICXPLhY; and for the carboxy terminal part of IC3~the "ORIC3" motif !, SaeGRyKAFSTCgSH~with upper case and lower case for Ͼ90% and Ͼ65% conservation, respectively!. Figure 6A shows a sequence logo~Schneider & Stephens, 1990! of the entire 26 amino acids long IC3, highlighting the ORIC3 motif. The latter contains a conserved cysteine as well as four highly conserved serine0threonine residues interspersed among four positively charged amino acids.
As seen from Figure 2B , the IC3 loop is the only non-TM segment with a Fourier spectrum peak, indicative of an a-helical structure~AP ϭ 2.74!. The variability moments have higher magnitudes at the N-and C-termini of this loop, suggesting that it may consist of two helical segments with a short nonhelical connecting stretch. To obtain further support for this proposed structure, we analyzed Fourier spectra for hydropathy and variability separately on the two putative helical segments~Fig. 6!. We observed enhanced AP values for the two putative helices, compared to the entire loop. Figure 6B depicts a helical wheel analysis for these helices. It is seen that for the N-terminal helix, the conserved face is hydrophobic, while for the C-terminal helix the conserved positions are mainly polar.
Discussion

The olfactory CDRs
A crucial feature of olfactory receptors is their inherent variability patterns in amino acid sequence, which is necessary for the recognition of the large variety of odorants. In this paper we demonstrate and analyze this variability with respect to the primary, secondary, and tertiary structural levels. The 17 hypervariable CDR positions in the OR proteins~Fig. 4! with their TM and alignment numbering. The other GPCR and GPCR position column show the corresponding functional residues in non-OR GPCRs as derived from the alignment in Figure 1 , with their enumeration in the original protein sequence. NA indicates that the variable OR position is not aligned with a GPCR functional residue. Information about functional residues was derived from the GPCR mutant database, GRAP~Kristiansen et al., 1996!, and from Baldwin~1994! and Herzyk and Hubbard~1995!. 
Variable interfaces of olfactory receptors
At the sequence level, we show that a majority of the highly variable residues are present in three of the seven helices, namely TM3, 4, and 5. Previously, about 40 variable residues were identified on these TM segments, based upon analyses of small sets of OR sequences~Buck & Axel, 1991; Rouquier et al., 1998 !. The present analysis provides a considerably more focused picture of the potential odorant binding pocket. We achieve this by encompassing a much larger number of functional OR sequences and utilizing more quantitative variability measures. We are able, moreover, to highlight a subset of 17 hypervariable residues that fulfill relevant secondary and tertiary structure criteria.
At the secondary structure level, we demonstrate by Fourier analysis that in the three diversified TM segments, the variable residues are clustered on one helical face, as previously seen in a limited analysis of TM5~Ben-Arie et al., 1993!. At the tertiary structure level, based on the homology model, our results suggest that the variable faces of these helices point toward each other, particularly in the extracellular two-thirds of the OR barrel interior. This generates a view of the potential odorant CDRs consistent with the notion that the functional recognition surface should be highly variable. Our results suggest that the ligands should bind at the inner face of the OR transmembrane barrel, as in numerous other GPCRs~Baldwin, 1994; Herzyk & Hubbard, 1995!. Specific odorant-binding residues have been previously predicted by a correlated mutation analysis in TMs 3-5~Singer et al., 1995a! and by an analysis of nonsynonymous nucleotide substitutions for TM segment 6~Singer et al., 1996!. In addition, functional residues were predicted on the basis of receptor-ligand docking simulations in TMs 2-7~Singer & Shepherd, 1994; Afshar et al., 1998 !. These analyses encompassed more limited sets of OR sequences. Of the seven contact residues predicted by these studies, only 2 are in overlap to the set of 17 hypervariable residues identified here. The rest of the previously predicted contact residues appear to represent more conserved positions in the context of the larger number of OR sequences analyzed here. This, however, does not preclude their potential involvement in ligand contacts.
In general, it is possible that some ligand interactions will be mediated by conserved amino acids~Singer & Shepherd, 1994!. As an example, while the TM6 helix shows low variability in ORs, it is clearly important in ligand binding by other GPCRs, and could perhaps take part in odorant binding as well. TM6 has a set of three inward-facing aromatic residues, which includes the @F0Y#X 7 @F0Y# motif in both ORs and other GPCRs. These residues have been proposed to interact with aromatic rings in the neurotransmitter ligands~Hibert et al., 1991! and could similarly interact with aromatic moieties of odorant molecules.
In the present homology model, the inward orientation seen for most variable residues is a direct consequence of the alignment to rhodopsin and other GPCRs. A different strategy was also used to construct an OR model~Afshar et al., 1998!, in which the helix orientations are based on the assumption that specific, highly conserved, or polar residues face the barrel interior, as suggested for GPCR families who share ligand specificity~Taylor et al., 1994; Alkorta & Loew, 1996!. Notably, the two OR models appear to agree well with respect to the orientation of the more conserved TM segments 1, 2, 6, and 7, the three variable TM segments, particularly in the orientation of TM3.
Comparisons to other GPCRs
The homology model and the multiple alignment suggest that the olfactory receptor CDRs partially coincide with the regions in which ligand contact residues have been localized in many other GPCRs. Specifically, most of the hypervariable amino acids in TM segments 3 and 5~lining the barrel region marked II in Fig. 4 ! are exactly aligned with GPCR ligand-contact residues. This lends strong support to their present proposed functional assignment. In contrast, in the region of the cleft encompassed by TM segments 2, 6, and 7~marked I in Fig. 4 !, where a large number of GPCR ligand-contact residues are found, practically no OR variable residues occur.
Other hypervariable residues of the modeled olfactory CDRs, which do not correspond to GPCR binding sites, are located in the cleft between TMs 4 and 5~marked III in Fig. 4 ! and are partially facing the lipid phase. It is possible that some of the sequence variability is the result of a random genetic drift and is unrelated to odorant binding. Yet, the observed dense clustering of hypervariable residues lends support to the notion that many of them play a role in odorant recognition. If true, this more exposed interface would represent an OR-unique attribute. Such a CDR, partially facing the lipid phase, could perhaps be important for binding the more hydrophobic odorants, which may reach this site via the lipid bilayer. This mechanism may be akin to the "hydrophobic vacuum cleaner" model for the multi drug resistance~MDR! pumps~Bol-huis et al., 1997!. Interestingly, many of the variable residues in Helical wheel representation of the first and last 10 amino acids of IC3 loop. The plot was generated using the consensus sequence, with the "helical wheel" program of the GCG package~1994!. The AP values in the entire IC3 loop, in the N-and C-terminal portions are 1.85, 3.13, and 2.68, respectively, in the hydrophobicity profile, and 2.74, 2.76, and 2.91, respectively, in the variability profile. The conserved and variable positions are circled with thick and thin lines, respectively, and in blue and red for hydrophobic and hydrophilic positions, respectively. this more peripheral aspect of the CDR are apolar, while a considerable fraction of the variability in the central core relates to polar and rarely even charged residues.
In the present model, based on two rhodopsin templates~Herzyk & Hubbard, 1995; Baldwin et al., 1997!, TM4 is oriented such that Trp161~marked 13 in Fig. 4 ! is exposed to the lipid phase, as also corroborated by chemical modification studies~Davison & Findlay, 1986!, potentially facing TM2. This, however, is inconsistent with previous GPCR models~Donnelly et al., 1989! in which this amino acid was suggested to face the TM3 segment, more toward the protein interior, a suggestion based on its high conservation in the entire superfamily. Such orientation, if applied to the ORs, would imply that the variability moment in TM4 should face the lipid phase with practically no variable positions in the barrel interior. Additional work will be needed to determine the exact orientation of this TM segment.
Considerable variability is also evident in two of the extracellular loops, EC1 and EC3. The possibility cannot be excluded that some odorants actually interact with these loops, as in the case of other GPCRs~Baldwin, 1994!. Alternatively, other functions related to receptor specificity might be mediated by extracellular variable loops indicating a potential role in specific axonal guidance~Singer et al., 1995b!.
The G-protein binding site
The G-protein interface of GPCRs has been thoroughly studied with both the second and third cytoplasmic loops implicated in this function~Hedin et al., 1993!. Specific residues in these loops have been shown to be essential for the interaction with specific G-protein types, in particular positively charged residues. However, due to the diversity of G-protein heterotrimers involved in the interaction with the variety of all known GPCRs, a very clear relevant amino acid consensus has not emerged. The present analysis of OR protein sequences provides a unique opportunity in this respect: the availability of a very large group of receptors, all presumably sharing an interaction with the same G-protein~Pace & Lancet, 1986; Jones & Reed, 1989 !. Our analysis shows a strong consensus sequence at the first and second intracellular loops and at the C-terminal end of the third intracellular loop~the ORIC1, ORIC2, and ORIC3 motifs!. Both the ORIC2 and the ORIC3 consensus sequences are found to be unique to ORs, as subjecting them to BLAST search~Altschul et al., 1990 ! against the nonredundent protein sequence database yielded only OR sequences. Further, all ORs analyzed in this paper are identified in such a search with a minimum of 65% sequence identity. It is thus likely that our analysis has resulted in at least a partial definition of the G-protein interface of the ORs. The ORIC3 consensus contains a strongly conserved motif, KXXST, potentially involved in kinase-mediated serine0threonine phosphorylation. Such process is involved in the desensitization of some GPCRs~Probst et al., 1992 !, including OR proteins~Boekhoff et al., 1997 Amino acid hydropathy analysis in the b-adrenergic receptor Strader et al., 1989 ! and random mutagenesis analyses in the muscarinic m5 receptor~Eubanks et al., 1996! predicted that both ends of the IC3 loop might adopt an a-helical secondary structure. Based on the variability and hydropathy moment analyses done here, we suggest, similarly, that in OR proteins the considerably shorter IC3 loop is composed of two a-helices of 10 amino acids each, connected by a short stretch of 6 amino acids. The amino and carboxy terminal IC3 helical structures may, in fact, be considered as respective intracellular extensions of TM segments 5 and 6, as is the case for bacteriorhodopsin~Pebay-Peyroula et al., 1997! and rhodopsin~Baldwin et al., 1997!.
Limitations of the modeling procedure
Most of the foregoing insight is made possible by applying a homology modeling approach, using bovine rhodopsin models as templates. This procedure suffers from several aspects of inherent inaccuracy. The overall sequence identity between the currently known ORs and bovine rhodopsin is 21%, below the threshold required for safe homology modeling, at least 30%~Sander & Schneider, 1991!, as established for globular proteins. However, the well-defined conserved amino acid positions found in all TM segments, except TM6, in addition to the assumption that gaps are very rare in TM segments, allow the generation of a reliable alignment, on which the homology modeling is based. The lack of confidence in the alignment of TM6 has only a minor effect on our functional predictions because this TM segment does not appear to belong to the CDRs. An additional point of weakness is that all current models for rhodopsin are based on low resolution experimental data and are thus not expected to be accurate at the atomic level. However, the functional conclusions drawn here are mainly related to TM helix orientations, not to specific coordinates of individual amino acids, thus requiring only a relatively low spatial resolution and accuracy.
Despite limitations, the present OR model provides a general prediction of functional odorant contact residues. Successful binding experiments have recently led to assignment of odorant specificities to particular ORs~Raming et al., 1993; Wellerdieck et al., 1997; Zhao et al., 1998 !. The model proposed here provides rational guidelines for site-directed mutagenesis experiments, which in turn will provide experimental tests and refinements of the model.
Materials and methods
OR sequences
We analyzed a collection of 197 complete and partial OR sequences from five species as detailed in URL: http:00bioinfo. weizmann.ac.il0;bnpilpel0ORseq. We obtained the amino acid sequences either from the SWISSPROT database or we conceptually translated them from GenBank.
Multiple sequence alignments
We performed multiple alignment of the deduced amino acid sequences of all ORs by a fully automated application of the Clustal W program~Thompson et al., 1994!. We applied the default pairwise gap opening penalty of 10 and extension penalty of 0.05. We did segmental alignments of ORs with other GPCRs with the Clustal W program using a procedure that allows segment-specific gap penalties. For the TM segments, we used a higher gap opening penalty of 20 in order to prevent insertions. The interhelical loops were aligned with the default penalty parameters. In rare cases the alignments were manually edited in TM segments to remove gaps and to ensure that conserved positions were aligned.
Variable interfaces of olfactory receptors Amino acid variability profiles
We calculated the amino acid variability value V j at alignment position j as
where P ij is the fraction of sequences with amino acid i at position j of the alignment, and S ik is the ik element in an amino acid similarity matrix such as PAM~Dayhoff, 1978 ! or BLOSUM~Alt-schul, 1991 !. This variability measure and the classical entropy function, previously used for measuring sequence variability~Sander & Schneider, 1991! are mathematically related and were recently shown to be two special cases of a more general term~Baczkowski et al., 1997!.
Fourier analysis and helical periodicity detection
To assess the dominant periods that characterize profiles of the hydrophobicity and the variability of the analyzed sequences, we used the Fast Fourier Transform~FFT! algorithm, implemented in the "FFT" function of the Matlab0MathWorks package. Periodicity detection enhancement and tests for statistical significance, using the alpha helical periodicity AP index, were done as described~Donnelly et al., 1993!.
Prediction of TM segments
We predicted the number, boundaries, and topology of the TM segments using the neural network algorithm implemented in the "PHD" server~Rost et al., 1995!, with the PHDhtm and PHD topology programs.
Homology modeling
We constructed three-dimensional homology models for OR proteins, based on bovine rhodopsin as a template, using the automated SwissModel server~Peitsch et al., 1996! for the all-atoms model~Herzyk & Hubbard, 1995!. We used the "homology" and "discover" modeling modules of the Biosym0MSI package, with minimization parameters as described~Cronet et al., 1993!, modeling the ORs based on the a-carbon rhodopsin model~Baldwin et al., 1997!. With this template, we generated automatically the side-chain conformations with the biopolymer module of the MSI package. In both cases we used the proposed alignment in the TM segments between rhodopsin and the ORs~Fig. 1!.
All the alignment and modeling data are publicly available on http:00bioinfo.weizmann.ac.il0;bnpilpel0msa and http:00bioinfo. weizmann.ac.il0;bnpilpel0ORModel.
